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standing	 functional	 properties.	 The	 highest	 figures	 of	 merit	 reported	 are	 for	 perovskites	 based	 on	 the	 parent	
Pb(Mg1/3Nb2/3)O3	(PMN),	which	is	a	relaxor:	a	centrosymmetric	material	with	local	symmetry-breaking	that	enables	func-




















lectric	PbTiO3	 affords	 the	PbTi1-xZrxO3	 (PZT)	 family,	while	
solid	 solution	 between	 the	 canonical	 relaxor	 (CR)	
Pb(Mg1/3Nb2/3)O3	 and	 ferroelectric	 PbTiO3	 affords	 the	 (1-





photropic	 phase	 boundary	 (MPB).3–7	 An	 MPB	 arises	 be-




unit	 cell	 transforming	 to	 a	 tetragonal	 P4mm	 phase	 with	
[001]	polarization	along	the	cell	edge	(Figure	1a),	due	to	or-
dered	displacements	of	 the	6s2	Pb2+	 cation	 in	 these	direc-
tions.1,3	 The	 complex	 interplay	 of	 chemical	 bonding	 and	
physical	 response	 at	 the	MPB	 continues	 to	 be	 debated	 in	
mechanistic	terms,	but	the	ability	to	reorient	the	electrical	
polarization	between	distinct	crystallographic	directions	at	
low	 energy	 cost	 is	 felt	 to	 underpin	 the	 functional	 perfor-
mance.2,6,8–10	
PMN-PT	also	displays	an	MPB	(Figure	1a),	but,	in	contrast	
to	PZT,	 it	 arises	 from	solid	solution	between	 ferroelectric	
PbTiO3	 and	 the	canonical	 relaxor	Pb(Mg1/3Nb2/3)O3	 (PMN,	





ent	 relaxations	 in	 their	 dielectric	 response.13–15	 These	 di-








The	 outstanding	 functional	 performance	 of	 the	 Pb-based	
materials	 discussed	 above	makes	 their	 replacement	 with	
 
Pb-free	alternatives,	which	would	be	environmentally	de-




directions	 e.g.,	 rhombohedral	 R3c	 ([111])	 symmetry	 in	
(Na1/2Bi1/2)TiO3	with	tetragonal	P4mm	symmetry	in	BaTiO3	
or	(K1/2Bi1/2)TiO3	(KBT).3,24,25.	
To	pursue	 the	PMN-PT	design	 route	 to	Pb-free	piezoelec-
trics,	a	Pb-free	CR	analogue	of	PMN	is	needed.	We	present	
the	 Pb-free	 canonical	 relaxor	 (K1/2Bi1/2)(Mg1/3Nb2/3)O3	
(KBMN),	 produced	 by	 substitution	 of	 Pb2+	 in	 PMN	 with	
(K1/2Bi1/2)2+	on	 the	A-site	of	 the	perovskite.	This	substitu-
tion	 preserves	 charge	 balance,	maintains	 the	 presence	 of	
stereochemically	active	6s2	cations,	and	has	an	appropriate	
mean	ionic	radius	((K1/2Bi1/2)2+	=	1.50	Å,	Pb2+	=	1.49	Å).	Pre-





relaxor,	 but	 with	 key	 differences	 from	 PMN	 that	 are	 at-
tributable	to	the	underlying	chemistry.	Both	materials	show	
local	A-site	displacements	 that	do	not	break	 their	 centro-
symmetric	average	structures	and	thus	drive	their	relaxor	




sult	 in	 KBMN	 having	 a	 lower	 dielectric	 permittivity,	 a	
greater	dielectric	relaxation,	and	more	entropic	degrees	of	
freedom	 than	 PMN.	We	 then	 explore	 the	 PMN-PT	 design	
route	by	combining	the	Pb-free	CR	KBMN	with	the	Pb-free	
FE	 KBT	 in	 (1-x)KBMN-xKBT.	 The	 transition	 through	 two	
monoclinic	symmetries	observed	 in	 the	SXRD	data	of	 this	












was	 made	 by	 mixing	 (MgCO3)4Mg(OH)2*5H2O	 (99.99%,	
Sigma)	 and	 Nb2O5	 (99.9%,	 Alfa	 Aesar)	 in	 stoichiometric	
amounts	and	ground	in	an	agate	pestle	and	mortar	before	
reacting	 in	 an	 Al2O3	 crucible	 at	 1450°C	 for	 3	 h	 with	 a	
5°C/min	 ramp	 rate	 on	 both	 heating	 and	 cooling.	 Pure	
MgNb2O6	was	then	ground	and	mixed	with	stoichiometric	
amounts	 of	 Bi2O3	 (99.999%,	 Alfa	 Aesar),	 K2CO3	 (99.99%,	
Sigma),	and	TiO2	(99.999%,	Alfa	Aesar)	in	a	pestle	and	mor-
tar	 to	 achieve	 the	 desired	 composition.	 Mixed	 reagents	














to	 be	 stoichiometric	 using	 optical	 emission	 spectroscopy	
with	an	inductively	coupled	plasma	atomizer	(ICP-OES)	and	





of	 carbon	 before	 performing	 imaging	 and	 EDX.	 Chemical	
quantification	 was	 performed	 using	 Aztec	 software.	 EDX	
















sure	peak	 intensities	were	 representative	of	 the	material.	
Three	 detector	 banks	 were	 used	 for	 analysis	 with	 2q	 =	
52.21°,	92.59°,	and	146.72°,	Bank	3,	4,	and	5	respectively.	
Selected	Area	Electron	Diffraction	(SAED)	on	different	zone	





Low	 temperature	 XRD	 data	 were	 measured	 on	 a	 Rigaku	
SmartLab	 diffractometer	 using	 a	 Mo	 Kα	 rotating	 anode	







grounds	 were	 fit	 with	 a	 Chebyshev	 polynomial	 function	




Atomic	 positions	 and	 isotropic	 displacement	 parameters	
were	 constrained	 to	 be	 equal	 for	 different	 cations	 on	 a	
























methods.	Refinement	 of	 the	 occupancies	were	 attempted,	
but	resulted	in	occupancies	greater	than	one,	leading	us	to	
constrain	 the	occupancies	 to	 the	measured	stoichiometry.	
Additional	A-site	positions	in	the	[001]	and	[111]	directions	
were	added	by	analysing	maximum	entropy	method	(MEM)	











and	occupancies	were	 refined	 to	yield	 the	 final	 structural	
model.	A	crystallographic	information	format	(CIF)	file	has	






the	 trace	of	 the	anisotropic	 strain	 tensor	where	 the	bond	
vector	 intersects	 it.	 All	 MEM	 inputs	 were	 created	 using	
Jana2006,31	 3D	 electron	density	 distributions	were	 calcu-




























(Koartan	 4129)	 was	 used	 to	 form	 electrodes	 and	 was	
painted	on	faces	of	the	cylinders	and	fired	on	at	650°C	for	
30	min	with	a	5°C/min	ramp	rate	on	heating	and	cooling.	
Dielectric	permittivity	 (e´)	 and	 loss	 tangent	 (tan(δ))	were	
measured	using	an	Agilent	4980A	and	a	home	built	sample	
holder	and	a	program	created	in	LABVIEW.34	Data	were	col-
lected	 from	 room	 temperature	 to	 600°C	 on	 heating	 and	














temperature.	 The	 maximum	 polarization	 (Pmax)	 and	 the	
remnant	polarization	(Pr)	were	taken	from	P(E)	loops	under	
positive	electric	 field	at	80	kV/cm.	The	coercive	 field	 (Ec)	
was	determined	as	the	peak	of	the	current	in	I(E)	data,	un-



























tum	 Design	 Physical	 Properties	 Measurement	 System	
(PPMS)	 using	 the	 heat	 capacity	 option.	 The	 heat	 capacity	
values	were	determined	by	the	relaxation	method.	The	sam-
ple	was	affixed	to	the	stage	using	N-grease	from	1.8-250	K	





































































the	 atoms	per	 formula	unit	 to	determine	 the	 entropy	per	
atom.	 To	 calculate	 the	 dipole	 entropy	 per	 Bi3+,	 this	 value	
was	multiplied	by	two.	
	
RESULTS AND DISCUSSION 









(Tables	 S2-3).	Rietveld	 refinement	of	 these	data	 in	Pm3"m	
symmetry	yield	a	high	quality	fit,	(Figure	S3,	Tables	S4-5),	
but	 A-site	 isotropic	 displacement	 parameter	 (Biso)	 are	
10.90(18)	Å2.	Relatively	high	A-site	Biso	of	3	-	4.5	Å2	are	com-

























and	 two	 additional	 sites	 corresponding	 to	 displacements	
along	 [001]	 and	 [111].	 Displacements	 in	 [011]	 directions	
were	attempted,	but	were	 found	 to	not	 contribute,	 as	de-
scribed	above	in	the	experimental	section.	The	atomic	posi-
tions,	Biso,	 and	occupancies	 for	K+	 and	Bi3+	 on	 each	A-site	
were	constrained	to	be	equal,	but	these	parameters	were	al-
lowed	to	refine	independently	for	each	A-site	as	the	high	Q	
diffraction	 data	 permitted	 this.	 The	 atomic	 displacement	
parameters,	displacement	magnitudes	of	[001]	and	[111]	A-
sites	from	the	A-site	centre,	and	A-sites	occupancies	were	




tensity	mismatches	 with	 SXRD	 data.	 Refinements	 against	
SXRD	data	only	result	in	different	occupancies	and	large	in-
tensity	mismatch	with	NPD	data.	The	observation	of	two	lo-
cal	minima	 separately	 consistent	with	 X-ray	 and	 neutron	















































whereas	 PMN	 and	 (K1/2Bi1/2)(Sc1/2Nb1/2)O3	 have	 displace-
ments	of	0.31	Å	along	[111]	and	0.44	Å	along	[001]	respec-
tively.39,41	 The	 displacements	 in	 KBMN	 are	 therefore	 the	
largest	seen	in	a	disordered	cubic	model,	but	result	in	more	
reasonable	bonding	environments	for	Bi3+.		
Figure	 2e	 shows	 the	 A-O	 bond	 lengths	 and	 root	 mean	







the	 100%	 Bi3+	 A-site	 perovskites	 Bi(Zn1/2Ti1/2)O3	 (BZT,	
[001]	ordered	A-site	displacement	P4mm,	shortest	Bi-O	4	×	









[111]	 displacements,	 the	 Pb-O	 bond	 length	 (2.599	 Å)	 is	
closer	 to	 Bi-O	 bonding	 environments,	 but	 still	 at	 least	
0.126	Å	longer.	The	A-site	bond	lengths	in	PMN	([000])	and	
















interesting	 to	 apply	 to	 other	 relaxors,	 such	 as	 PMN,	 and	
raises	questions	of	whether	these	disordered	cubic	systems	
have	[000]	sites.	In	cubic	perovskite	oxides,	chemical	pref-






allow	high	confidence	 in	 the	diagnosis	of	 cubic	 symmetry	
for	KBMN.	
a  = 4.046490(4) Å R wp  = 4.06 % R p  = 1.45 % G.O.F = 2.79
Atom Site Wyckoff Position
Point 
Group x y z Occ A-site % Biso (Å
2) B11 (Å
2) B22 / B33 (Å
2)
K+ [000] 1b 0,5 0,5 0,5 0,5 50 1.02(3)
Bi3+ [001] 6f 4mm 0,5 0,5 0.6484(17) 0.053(2) 32(2) 1.64(10)
Bi3+ [111] 8g 3m 0.5842(11) 0.5842(11) 0.5842(11) 0.0231(18) 18(2) 0.40(11)
Mg2+ B-site 1a 0 0 0 1/3 0.871(6)
Nb5+ B-site 1a 0 0 0 2/3 0.871(6)
O2- O-site 3d 4/mmm 0 0 0,5 1 [1.708(6)] 2.869(6) 1.126(6)
A-O Bond Lengths
K [000] - 2.861301(2) Å × 12
Bi [001] - 2.473(4) Å × 4, 2.9236(14) Å × 4, 3.313(6) Å × 4






















The	 Rietveld	 and	 MEM	 analyses	 determine	 the	 average	
structure	and	capture	 local	disorder.	 Intermediate	 length-
scale	pair	correlations	are	revealed	in	selected	area	electron	
diffraction	(SAED)	data	(Figures	2f-g).	Diffuse	scattering	is	







































The	signature	of	 relaxor	properties	 is	 in	 the	dielectric	 re-
sponse.	 The	 temperature	 dependence	 of	 the	 real	 (e´)	 and	
imaginary	 (e´´)	 dielectric	 permittivity	 (Figure	 S10)	 from	
300	to	900	K	shows	a	peak	(Tm)	in	e´	at	413	K	in	1	MHz	data.	
Curie	Weiss	 fitting	of	1	MHz	data	yields	a	Weiss	constant	
(θW)	 of	 -2675	 K;	 indicating	 antiferroelectric	 correlations,	
consistent	with	SAED.	At	low	frequency	Tm	is	not	clearly	vis-
ible,	 particularly	 in	 e´´	 data,	 indicating	 that	 the	measure-
ment	ends	 in	 the	middle	of	 a	 frequency-dependent	phase	
transition.	 To	 observe	 the	 full	 phase	 transition,	 e´	 and	 e´´	
were	measured	from	100	to	500	K	(Figure	3a)	to	identify	Tm	
for	all	 frequencies.	The	 frequency	dependence	of	Tm	 from	
1	MHz	to	1	kHz	(DTm)	is	determined	to	be	98	K.	In	PMN	Tm	

















ergy	 is	 similar	 to	PMN	(Ea	=	0.0786	eV).60	A	 larger	DTm	 is	
consistent	with	the	Rietveld	analysis	of	KBMN,	which	shows	
two	 large	 local	 A-site	 displacements	 instead	 of	 the	 single	
smaller	displacement	seen	in	PMN.	The	additional	displace-
ment	coupled	with	the	large	variety	of	ferroelectric	and	an-






Our	 design	 strategy	was	 to	make	 a	 Pb-free	CR,	which	 re-
quires	 we	 preclude	 dipole	 glass	 or	 relaxor	 ferroelectric	
(RFE)	 mechanisms.	 A	 CR	 has	 globally	 centrosymmetric	
structure	which	is	maintained	below	dielectric	transitions,	
despite	measurable	polarization,	with	no	ferroelectric	sym-












quency	 (f0),	 activation	energy	 (Ea),	 and	 freezing	 temperature	
(Tf)	are	 shown.	Thermally	 stimulated	depolarization	current,	
showing	 the	measured	current	 in	green	and	 the	polarization	
(red)	derived	from	the	 integration	of	current	with	respect	 to	










































parameters	 (Figure	 S14)	with	no	 sign	of	 changes	 in	 sym-
metry.	The	observations	of	polarization	 in	TSDC	and	P(E)	







correlated	 cation	displacements,	 and	 the	diffuse	 superlat-
tice	reflections	from	B-site	ordering	indicates	dipoles,	cor-
relation	of	 those	dipoles,	 and	 local	 chemical	 ordering,	 re-












ure	 4a).	 The	 phonon	 contributions	 to	 Cp	 were	 modelled	
from	1-1000	K	with	two	Debye	functions	(QD1	=	280	K,	QD2	
=	803	K),	three	Einstein	functions	(QE1	=	27	K,	QE2	=	50	K,	
QE3	=	81	K),	and	an	additional	linear	term	(g = 3.182 x 10-5	J	











model.	 The	 divergence	 arises	 due	 to	 additional	 entropy	






freedom	 (DOF)	 arising	 from	 the	 dipoles.	 The	 integration	














To	 increase	 the	 operational	 temperature	 of	 PMN	and	 im-




(1-x)KBMN-xKBT	 forms	 pure	 phase	 perovskite	 materials	




ative	of	 lower	symmetry.	 In	 (1-y)PMN-yPT	as	y	 increases,	
the	 structure	 goes	 through	 two	 monoclinic	 phases:	 Cm	
(y	=	0.10	–	0.32)	then	to	Pm	(y	=	0.32	–	0.40).5,11,12,21	These	
symmetries	are	commonly	referred	to	as	the	MB	(Cm)	and	
MC	 (Pm)	phases.5,11,12,21	Above	y	=	0.40	 tetragonal	 (P4mm)	




























to	 the	 data.	 Refined	 parameters	 for	 all	 samples	 are	 tabu-
lated	 in	 Tables	 S11-S18.	 All	 data	 where	 x	<	0.7	 fit	 best	
in	Pm3"m	 symmetry.	 Lattice	 parameters	 for	 (1-x)KBMN-
xKBT	 (Figure	 5c)	 validate	 the	 formation	 of	 a	 continuous	
solid	 solution	 and	 are	 consistent	with	 previous	 reports.26	
The	evolution	of	symmetry	seen	is	identical	to	PMN-PT,	but	























vergence	 of	 the	 dielectric	 data	 from	 the	 Curie-Weiss	 law	







a	 function	 of	 electric	 field	 (Figures	 5d,	 S24-28)	measure-
ments	confirm	that	when	x	≥	0.7	materials	have	ferroelec-
tric	 (FE)	 properties.	 Hysteresis	 is	 observed	 in	P(E)	 loops	
and	the	linearity	of	loops	increase	with	increasing	applied	
























to	 single	 crystals.	 Whether	 this	 enhancement	 is	 seen	 in	








tively),	 and	 competitive	with	 optimized	PZT	 and	PMN-PT	
ceramics	(19.7	×	10-3	and	21	×	10-3	Vm	N-1	respectively)68–70,	
without	further	composition	optimization	of	KBMN-KBT.	











ing	 the	electromechanical	 response	 to	 the	phase	diagram,	
there	 is	a	clear	peak	 in	response	at	x	=	0.9.	This	region	 is	
identified	as	having	Pm	symmetry.	The	MPB	in	PMN-PT	is	








the	 observation	 of	 antiferroelectric	 ordering	 in	 dielectric	
data	and	its	suppression	with	increased	Ti4+	substitution	is	








lished,	 some	differences	 and	opportunities	 should	be	dis-
cussed.	To	access	the	best	performance	in	PMN-PT,	single	
crystals	must	be	used,	and	 these	high-performance	single	
crystals	 are	 reported	 to	 have	 rhombohedral	 symmetry.22	
The	best	performing	composition	in	these	single	crystals	is	





as	PZT	 is	believed	 to	be	related	 to	a	 rotating	polarization	















lowing	 the	 full	arc	of	 the	polarization.	The	Ma,	Mb,	 and	Mc	
phases	 represent	 paths	 between	 these	 R[111]	 and	 T[001]	
phases.	Whether	the	presence	of	the	M	phases	exist	homog-
enously	though	the	sample;	are	the	result	of	a	vector	sum	
between	 coexisting	 R[111],	 T[001]	 or	 orthorhombic	 (O[011])	








KBMN	 is	 a	 canonical	 relaxor.	 The	 two	 A-site	 cations	 in	
KBMN	 that	 replace	 the	 single	 Pb2+	 in	 PMN	 have	 distinct	
structural	roles	which	arise	from	their	different	electronic	
configurations.	 Spherical	 s0	K+	 is	 located	 symmetrically	 at	
the	 center	 of	 the	A-site	 and	 inhibits	 octahedral	 rotations,	
while	 the	 polarizable	 s2	 Bi3+	 undergoes	 locally	 polar	 dis-







ments	 that	 relax	 involving	 two	degrees	of	 freedom,	while	










zation,	 and	understanding	of	 the	 complex	physics	driving	

























fers	 a	 distinct	 route	 to	 Pb-free	 piezoelectrics	 through	 re-
laxor	formation.	
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